Abstract The application of biochar and anaerobic digester effluent together has the potential to improve soil quality while simultaneously addressing critical environmental challenges. A field experiment was conducted in Karnataka, India to assess the effects of these amendments on soil properties and radish (Raphanus sativus L.) growth over a 15-month period between January 2011 and March 2012. Biochar was applied at the rate of 30 Mg ha -1 and incorporated in the surface 0-10 cm layer to the biochar plots (BC) and biochar ? effluent plots (BC ? EF). Anaerobic digester effluent was added at a rate of 56.25 m 3 ha -1 to effluent plots (EF) and the BC ? EF treatment. In the first growing season, yields were 90, 1,291, and 1,374 % greater than the control (Ct) in the BC, EF, and BC ? EF plots, respectively. One year after application, soil bulk density (q b ) decreased by 7.3 % and total porosity (f t ) increased by 9.3 % with biochar application (BC) compared to the Ct. These effects were less apparent in BC ? EF. The impact of amendments on soil moisture storage was not significant. Application of biochar increased soil pH from 7.21 (Ct) to 7.57 (BC) and 7.50 (BC ? EF). In the second year, two new treatments were introduced-conventional fertilizer (C ? F) and conventional fertilizer plus biochar (BC ? F). BC ? F and C ? F did not differ significantly in crop yields. Overall, while there were some positive responses to both biochar and effluent addition seen in soil chemical properties and crop growth, respectively, there was limited evidence of nutrient retention by biochar in the second year.
Introduction

Soil Quality
Biochar is a carbon (C) rich material formed through the thermal decomposition, or pyrolysis, of biomass. The effects of biochar are varied and highly dependent on the biomass feedstock, production temperature, as well as several aspects of the soil being treated. However, the potential impacts of biochar application on soil physical and chemical properties and crop production, especially on degraded or sandy soils, are encouraging and prompt further research [28] .
Application of biochar can have a major impact on soil physical properties, because it is a recalcitrant material with high surface area (SA) and total porosity (f t ). Biochar application can lower bulk density (q b ) and increase soil water-holding capacity (WHC) and aggregate stability [5, 7, 15, 35, 50] . Biochar can also alter soil chemical properties. For example, Chan et al. [8] identified that poultry litter biochar produced at 450°C was effective at increasing soil C and nitrogen (N) concentrations even without the addition of N fertilizer. However, the effects of biochar on soil C and N concentrations are not always consistent [23, 43, 50] . While the pH of biochar varies considerably based on production conditions, application of alkaline biochar is likely to increase pH [28] . A metaanalysis of biochar experiments indicated a statistically significant increase in crop productivity with the addition of biochar to acidic soils, likely due in part to the liming effect biochar can have on acid soils [19] . There is limited information on the effects of biochar on soil electrical conductivity (EC), an important measure of soil quality [10] . One study reported that an increase in biochar production temperature from 350 to 800°C led to an increase in EC of ponderosa pine (Pinus ponderosa) biochar from 150 lS m -1 to almost 20,000 lS m -1 [16] . Biodigester effluent, produced from the breakdown of organic materials in an oxygen-free environment, can improve soil fertility [2, 32, 49] . Numerous studies have found that the addition of anaerobic digester effluent can increase soil N [17, 32, 49] . For instance, Yu et al. [49] determined that there was a significant 0.23 g kg -1 increase in total N with the addition of biogas slurry and a 0.31 g kg -1 increase corresponding to concentrated biogas slurry application. The addition of concentrated biogas slurry to a non-saline soil also increased soil EC from 89. 4 to 157 s cm -1 , and there was a corresponding significant increase in available N, phosphorus (P), and potassium (K) [49] .
Crop Growth
The interaction between mineral fertilizer and biochar is complex and dependent on biochar, soil, and crop types. Zhang et al. [50] added wheat (Triticum aestivum) straw biochar at 20 Mg ha -1 to loamy soils, which increased maize (Zea mays L.) yield 15.8 %, from 6.28 Mg ha -1 in the control to 7.27 Mg ha -1 in the biochar plots. Biochar added with N fertilizer (7. 86 Mg ha -1 ) led to an 18.2 % increase in crop yield compared to N fertilizer alone (6.65 Mg ha -1 ). This additional yield effect occurs because most agricultural soils are N-limited [46] , and biochar, which has a large C:N ratio, does not generally address that limitation. Application of biochar does not always increase crop yields even in the presence of fertilizer. Wood biochar (3 Mg ha -1 ) was added along with 120 kg N ha -1 to a silt loam soil, which produced a yield less than both the N fertilizer treatment alone and the control due to N immobilization [28, 48] . Like biochar, the impacts of biogas effluent on crop growth are varied [2, 17, 29, 45, 49] . Dahiya and Vasudevan [12] assessed the effects of cattle dung-based effluent on nine field crops and found that effluent-amended soils produced greater yields than the control in all cases. The addition of effluent led to an 82.3 % yield increase (0.34 kg m -2 ) in wheat and an 81.4 % increase (0.08 kg m -2 ) in mustard (Brassica campestris) versus the control (0.19 and 0.05 kg m -2 , respectively). The highest yields among vegetable crops were attained when effluent was added in combination with mineral fertilizer. Fodder crops produced the best results when treated with effluent alone. A similar experiment was performed by Bachmann [2] , testing two types of effluent and two types of mineral fertilizers on sandy and loam soils. Maize production on both soils was greater with the addition of effluent than with NK fertilizer. However, NPK fertilizer produced significantly higher maize yields in the sandy soil compared to the effluent.
Both biochar and effluent have the potential to improve soil quality and crop growth while simultaneously addressing global challenges such as energy availability and climate change through their respective production processes [24, 28] . However, there are few studies demonstrating the synergistic effects of biochar and effluent in agricultural systems. The purpose of this study is to quantify the impacts of subabul (Leucaena leucocephala) wood biochar and cow dung-based effluent on a vegetable production system. Both the biochar and effluent in the present experiment were produced in situ from local resources.
Materials and Methods
Site Description
The experiment was conducted at 13°20 0 N and 76°39 0 E in Lakkihalli, Karnataka, India. Lakkihalli is a part of the Deccan Plateau where the major geological formations are composed of granite gneiss.
The average annual temperature in the region ranges from 20.3 to 27.6°C [39] , and the annual rainfall is 453.5-717.7 mm, 55 % of which falls between July and September [37] .
Experimental Design
Treatments were laid out in a complete randomized block design, including 7 replications of 4 treatments (t1): control (Ct), biochar (BC), effluent (EF), and biochar ? effluent (BC ? EF). Each plot was 2 9 2 m, with a 1-m buffer zone between plots. The plots were 15-cm raised beds, underneath which there was a hardpan that has the potential to limit root growth.
In January 2011, a rate of 30 Mg ha -1 of biochar was added to each BC and BC ? EF plot, and a rate of 56.25 m 3 ha -1 of effluent was added to each EF and BC ? EF plot. In the BC ? EF plots, the biochar and effluent were submerged together for 72 h before application. All plots, including the control, were tilled after the addition of soil amendments. The site had not been utilized for crop growth for several years prior to the experiment. Radish (Raphanus sativus L.-var. Pusa Chetki) seeds were planted in January 2011 and 2012. The crops were harvested in March 2011 and 2012, respectively. In January 2012, conventional fertilizer was added to 3 of the 7 replicates, resulting in 2 additional treatments (t2): NPK (C ? F) and biochar ? NPK (BC ? F) at a rate of 50 kg ha -1 of each N (granular urea), P (super phosphate), and K (K 2 O). The field was left fallow between the two growing seasons.
The biochar was produced in a traditional low-oxygen fire using subabul (Leucaena leucocephala) biomass. The highest treatment temperature (HTT) was unknown. The effluent was produced from the dung of cattle, which were rotationally grazed in a pasture system. The dung was processed in a fixed dome biomass digester located on-site.
Soil physical Properties
Soil cores were taken from 0 to 10 cm in three randomly chosen locations on each plot 24 h after plots were handwatered to saturation. The samples were weighed immediately after collection. The samples were then sun-dried (*50°C) to a constant weight to determine soil dry mass and gravimetric water content (w). Additionally, soil porosity (f t ) was determined based on the calculated bulk density and an assumed soil particle density of 2.65 Mg m -3 .
Soil Chemical Properties
Soil chemical properties were measured prior to the second cropping season and were determined according to the procedure outlined by Nelson et al. [33] . Soil:water solutions were prepared at a 1:1 ratio, and a Thermo Scientific Orion 4 star instrument was utilized to measure pH and EC. Soil samples were sieved through a 2-mm mesh and spun on a SampleTek Vial Rotator. Soil residual N was determined by combusting 0.25 g samples from each treatment at 900°C using a CN Elemental Analyzer (Vario Max, Elementar Analysensysteme, Hanau, Germany).
Leaf Growth
In the first year, observations of the number of leaves and plant heights (length of the longest leaf) were taken on eight randomly chosen plants from each plot on the 20 and 40th day of growth following planting.
In the second year, leaf elongation rate (LER) was determined by recording the growth of the 4th true leaf of four randomly chosen plants per plot over 9 days. Each leaf's length was measured on days 1, 2, 3, 4, 6, 7, and 9, and growth rates were compared across treatments. Due to herbivory, some data were excluded.
For each leaf, ln(leaf length) was regressed against time during the last 4 days of the 9-day period. An ANOVA was performed among treatments to produce the mean exponential growth rates for each treatment and their respective standard errors. Photographs to assess the leaf area index (LAI) were taken on the 18th day of radish growth in year 2. Two photographs of three randomly selected plants were taken from each plot and analyzed with the Color Range and Histogram tools in Photoshop CS6 [1] .
Crop Yield
Crops were harvested on the 54th day after planting in the first year. After measuring their fresh weight, a sample of ten radish plants from each plot was dried (at *50°C) to a constant weight, and final dry weights of both above-and below-ground biomass were extrapolated from the sample based on percent water loss. The aggregated dry weight from each plot was utilized for the ANOVA among treatments. The same process was followed for the harvested plants in year 2 in which the final harvest occurred on day 20 due to herbivory.
Leaf Tissue Nutrient Analysis 500 g of dried leaf tissue was ground, passed through a 50-lm sieve, homogenized on a vial rotator (SampleTek), and analyzed using a CN Analyzer (Vario Max, Elementar Analyses systeme, Hanau, Germany).
Statistical Analysis
An ANOVA and Least Significant Difference values were conducted among treatments utilizing the PROC GLM procedure in Statistical Analysis Software 9.2 [38] . The graphs were produced using STATA 12.1 [41] . The LER was analyzed using the PROC MIXED procedure [38] . The year 1 results are based on data from 7 replications of each t1 treatment-Ct, BC, EF, and BC ? EF. Year 2 results are based on 4 replications of each of those treatments, and when indicated, 3 replicates of t2 treatments-C ? F and BC ? F (Table 1) .
Results
Soil Physical Properties
Biochar had a significant effect on bulk density (q b ) in the 0-to 10-cm depth. Biochar alone had a significantly lower q b compared to that of soil treated with Ct and EF. Treatment BC resulted in a q b that was 7.3 % less than that of Ct and EF. BC ? EF plots had a lower q b than Ct and EF but were not significantly different from either the biochar-or non-biochar-amended plots (Table 2) . Total porosity was greater in both the BC and BC ? EF plots. However, a significant effect was only found in the BC treatment, which was 9.3 and 9.5 % higher than the Ct and EF plots, respectively ( Table 2 ). The volumetric moisture content (h) and f t were calculated based on the w and q b . However, the reported values in Tables 2 and 3 of w and h are not exactly proportional due to rounding during calculations.
Biochar addition did not significantly influence the WHC in spite of the increase in f t . There were no significant differences in gravimetric water content at field capacity among the treatments. In fact, there was no trend indicating the influence of biochar on WHC at the 0-to 10-cm depth. Furthermore, the differences in q b between the BC ? F v. C ? F plots are very similar to that of the BC ? EF v. EF plots in Table 2 . BC ? F has a lower q b , but the effect is not significant. The water content at field capacity was also unaffected by biochar treatment (Table 3) .
Soil Chemical Properties
Soil pH increased with biochar addition. Both BC and BC ? EF had a significantly greater pH than Ct and EF. The effect of effluent on pH is uncertain (Fig. 1 ). The EF treatment had a greater pH than Ct, but BC ? EF had a lower pH than BC. There was no clear pattern of the treatment effect on EC. Soil EC was highest in treatment EF and lowest in treatment BC ? EF. The EC values of Ct and BC were in between those of EF and BC ? EF with BC being higher. Significant differences were found between EF and BC ? EF and EF and Ct (Fig. 2) .
Soil from t1 treatments was analyzed for their N contents 1 year after treatments were added to the plots. Differences in soil N content were not significant among treatments (Table 4) . If the effluent initially contributed N, this analysis suggests that the biochar did not increase soil Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n = 4 (aggregated from multiple locations on each plot) Table 2 Soil gravimetric water content (w), soil volumetric water content (h), soil bulk density (q b ), and soil porosity (f t ); Ct-control; BCbiochar; E-effluent; BC ? EF-biochar ? effluent Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n = 4 (aggregated from multiple locations on each plot) [28] . The N content of the biochar in this experiment is comparatively small (Table 5 ). Since these total N analyses were performed on one aggregated biochar sample, it cannot be determined whether there is a significant difference between the %N of the BC and the BC ? EF treatments.
Crop Growth
On the 20th day after planting in year 1, there were significant differences in crop growth among the effluent and non-effluent treatments. Both EF and BC ? EF had significantly greater plant height and total number of leaves than either Ct or BC. There was no difference in plant height or number of leaves between the BC and Ct plots. Stand count was measured throughout the growing season, and the number of surviving plants did not differ significantly, suggesting that plant growth effects were not greatly influenced by differing levels of plant competition among treatments (Table 6) .
A second set of field measurements was conducted on day 40 (Table 7) . Leaf growth under treatments EF and BC ? EF increased in height on average 120 and 143 % since day 20, whereas Ct and BC only grew 38 and 87 %, respectively. On the 40th day, BC ? EF had significantly longer leaves than EF, suggesting there was a positive interactive effect when biochar was added along with effluent. The differences in height and length of BC and Ct were close to being significant at a 95 % confidence level. Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n = 4 (aggregated from multiple locations on each plot) Addition of effluent significantly increased total dry matter (TDM) as well as the above-and below-ground biomass yield (Table 8 ). The TDM was 31.3, 59.73, 413.0, and 461.31 g for Ct, BC, EF, and BC ? EF plots, respectively. There was no significant difference in radish yield between treatments Ct and BC or between EF and BC ? EF (Fig. 3) . The treatment BC ? EF had consistently greater productivity than EF throughout the growing period.
A comparison of the LERs among t1 treatments shows that there were no differences among leaf growth rates ( Table 9 ). The year 1 increase in productivity due to effluent addition was not replicated in year 2. This was even the case in the BC ? EF treatment, which previous literature suggested might aid in soil nutrient retention during the intermediary year [5, 25, 26, 30] . The slight difference in productivity observed between Ct and BC in year 1 was also absent. The growth rates of NPK-amended plots in Table 10 cannot be directly compared to those from Table 9 , because the data in Table 10 were collected at a later period of leaf development than those shown in Table 9 and according to Cutler [11] LER declines as the leaf matures. The BC treatment did not increase the rate of growth in comparison to Ct and neither did BC ? F. In fact, the rate of growth in treatment BC ? F was slightly slower than that of C ? F plants.
The LAI did not vary among treatments in year 2 (Table 12 ). As expected, the LAIs of t2 plots were greater than those of t1 plots (Table 11) . Although LAI was not calculated in the 1st year, measurements such as aboveground biomass and height are indicative of the variations Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n = 56 Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n(Ct) = 8, n(B) = 4, n(E) = 12, n(B ? E) = 9 Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n(C ? F) = 12, n(B ? F) = 11 that might have been seen in LAI. Thus, the lack of significant differences among t1 treatments in the second year implies that biochar did not retain a sufficient amount of nutrients from the effluent added initially to enhance crop growth in the second season. Comparison between C ? F and BC ? F indicates that the biochar did not enhance the effect of fertilizer on LAI. An analysis of leaf tissue from each t1 treatment indicated no significant differences in total N (Table 13 ). These data suggest that if, in fact, effluent contributed additional N initially, then biochar did not retain the N into the 2nd year or it was no longer plant available. Based on the N concentrations found in these leaves, the leaves' stunted growth does not appear to be attributed to an N-limitation (discussed below).
Discussion
Soil Physical Properties
Numerous studies have found a decrease in q b with biochar addition [7, 22, 31, 50] . The reduction in q b can be attributed to the low density and high porosity of biochar. In the present experiment, there were no significant differences in WHC between plots with and without biochar. Dugan et al. [13] found that both saw dust and maize stover feedstock resulted in an increased WHC, and Kammann et al. [20] obtained similar results with peanut hull residues. Biochar from subabul wood might not be as conducive to water retention. Additionally, the temperature of production in both studies was [400°C. Although the HTT of the subabul biochar used in this experiment is unknown, it is likely lower than the temperatures of pyrolysis that occur in a closed vessel. Furthermore, Kamman et al. [20] sieved the biochar through a 2-mm mesh before application to soil, which increases surface area and possibly the biochar WHC.
Soil gravimetric water content remained constant as q b decreased. One possible explanation for this is that the pores of the biochar are too large to measurably increase soil water retention. However, these results might not accurately depict the long-term effects of biochar on soil water relations, because as the biochar physically degrades, the pore size distribution will change. A review by Lehmann and Joseph [28] specifically described a positive correlation between biochar surface area and micropore volume. Another possible explanation is the presence of mineral ash in biochar pores that can occlude water from entering the pores. Occluding substances may eventually leach out as well. Therefore, there is potential for improved water retention by biochar over time, but more long-term, field biochar studies must be conducted to confirm this hypothesis.
Soil Chemical Properties
The observed pH increase with biochar application is consistent with those reported in previous studies, which found that on average biochar increases soil pH from 0.6 to 1.0 unit [19] . Sukartono et al. [43] reported an initial soil pH of 5.97 and Major et al. [30] an initial pH of 3.91; so, even a slight increase in pH would drastically improve soil quality. The ameliorating pH effect of biochar in these experiments can be attributed to the soils' initial acidity. In the present experiment, however, there is likely to be no positive impact on soil quality corresponding to an increase in soil pH because of the initial neutrality of the soil.
EC was not explicitly measured in most studies regarding the addition of biogas effluent to soil. Effluent Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean(SE); n = 8 Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE); n = 6 Within columns values followed by the same letter are not significantly different at a = 0.05; Reported as mean (SE) [17, 18] . Thus, in a non-saline soil such as the one in the present experiment, addition of effluent could significantly increase soil EC. However, Sommer and Husted [40] assessed soil salinity after applying 17 different cattle, pig, and digested slurries and discovered that most Ca 2? , Mg 2? , and PO 3 -were precipitated and not present in solution, which may explain the EC response to the simultaneous addition of biochar and effluent. Since biochar tends to have a negatively charged surface area when under alkaline conditions, it is possible that cations from the effluent were bound to the surface of biochar and might not have been detected through EC measurement [28] .
Numerous studies have demonstrated the ability of biochar to retain nutrients [5, 25, 26, 34] . This experiment, however, did not corroborate the results presented in previous studies. Knowles et al. [25] added Monterey Pine (Pinus radiata) biochar along with 600 kg N ha -1 of biosolids. When biochar was added with biosolids, nitrate (NO 3 -) leaching was reduced significantly-total N leached was 36 kg ha -1 in the Ashley Dene silt loam (ASL) soil with biochar and 163 kg ha -1 in the ASL soil without biochar. Knowles et al. [25] proposed that toxic agents on the surface of the biochar suppressed nitrogen mineralization and nitrification, implying that the effects on soil N dynamics are largely dependent on the biochar feedstock, which was unique to that experiment.
The lack of N retention of the subabul biochar in this experiment could also be explained by the low HTT. Biochar produced at \500°C generally has comparatively low sorption capacities [28] . Major et al. [30] observed a decrease in total soil N between the 1st and 2nd year with the addition of biochar, which was produced in a traditional kiln. However, Novak et al. [34] found that the addition of pecan biochar heated at 700°C to a loamy soil reduced soil N content from 1.24 to 1.21 g kg -1 . Thus, a more thorough characterization of the biochar and nutrient analysis is necessary to assess why the biochar was not able to more effectively prevent N leaching and whether it may have retained other nutrients.
Crop Growth
The addition of biogas effluent enhanced radish growth to a larger extent than has been reported in other experiments. For instance, in the study by Dahiya and Vasudevan [12] , the biodigester effluent improved cauliflower (Brassica oleracea) growth by 88.8 %. The yield of wheat increased by 112 % with the addition of cow dung biogas effluent. Both of these experiments found yield responses that were an order of magnitude smaller than those observed during this experiment.
Differing results may be explained by the nutrient content of the effluent, the initial fertility levels of the soil, or the amount of effluent applied. No fertilizers were added to the experimental plot on which this experiment was conducted for 10 years prior to the experiment, and the soil had a poor water and nutrient retention capacity. However, the Dahiya and Vasudevan experiment was conducted on a loam soil with a 30.4 % WHC that had been utilized for experiments in the past, suggesting the field could have been recently fertilized. Similarly, the soil medium in the Laura and Idnani study was clayey in texture and contained 0.11 % N before effluent additions [12, 27] . A second explanation is the differing rate of effluent application among experiments. The application rate in this experiment, approximately 56.25 Mg ha -1
(assuming *q=1.0 g mL -1 ), is about 3-5 times larger than the rate applied by Garg et al. [14] and Laura and Idnani [27] . Since effluents likely contained a growth-limiting nutrient, a small increase in application rate could lead to larger plant growth.
The crop growth results of this experiment are consistent with the previous literature. In the first year, biochar addition alone increased TDM yields by about 91 % compared to the control, and biochar addition with effluent increased TDM yields by approximately 12 % compared to effluent alone, neither of which was significant. These results are in accordance with a meta-analysis of biochar performed by Jeffrey et al. [19] . In 142 replicates of radish plots, there were statistically significant increases (by approximately 10 %) in crop productivity with the addition of biochar, whereas 7 of the other 10 crops studied showed no significant effect, especially among field experiments [19] .
There is limited information on the long-term effects of biochar on crop growth [19] . One study, which examined biochar effects over several years, found that after years 2 and 3, the biochar ? NPK fertilizer treatment produced maize yields that were 28 and 30 % greater than the control (approximately 5 and 5.8 Mg ha -1 ), respectively. In year 4, yield from the biochar ? fertilizer treatment was 120 % that of the control (approximately 1.8 Mg ha -1 ). Major et al. [30] hypothesized that biochar increased soil Ca 2? and Mg 2? availability through reduced leaching. Nutrient leaching was likely to be a significant challenge to crop production in this study as the soil had low moisture and nutrient retention capacity.
There was no evidence that the biochar improved nutrient retention or availability. Steiner et al. [42] found an interactive effect between biochar and mineral fertilizers in all 4 harvests of rice (Oryza sativa) and sorghum (Sorghum bicolor) on a Xanthic Ferralsol. Rice grain yield in the biochar ? fertilizer treatment was nine times greater than the fertilized treatment, which produced *0.1 Mg ha -1 . Steiner et al. [42] hypothesized that the yield increase was caused by reduced soil acidity, which was not necessary in the present experiment because the local soils were close to neutral pH. The second harvest, in which Steiner found the greatest yield difference between the biochar ? fertilizer and fertilizer alone, was the driest season, which implies that the biochar improved yields by increasing WHC. In the present experiment, there was no significant increase in WHC, suggesting that this was not the primary driver of observed yield increases in year 1.
Many studies have shown that both LAI and LER are related to nutrient and water intake [4, 9, 11, 44, 47] . Throughout the experiment, there were visible signs of water stress among all treatments even though the plants were being watered consistently. Bunce [4] determined that there was a linear relationship between LER and turgor pressure, which is in turn directly related to leaf water potentials. The relationship between LAI and water stress is less clear. Kang and Wan [21] found that lower soil water potentials did not cause a reduction in LAI. In year 1, Kang and Wan found an inverse relationship between soil water potential and LAI as low as -55 kPa. Carmichael et al. [6] also studied the effects of moisture availability on radish growth, observing the impact of various mulching mediums, which alternatively found that LAI was positively correlated with moisture availability. Since all of the treatments received equal amounts of water at the same time of day in the present experiment, it logically follows that LER and LAI were not significantly different among treatments. Additionally, Table 8 suggests that an N-limitation did not limit leaf growth, because the N concentrations of the radish crop in all treatments were high for a C3 plant [3] .
The low LAI and LER in the t1 treatments could be explained by a P limitation. Plénet et al. [36] found that LAI and, to a greater extent, LER are both affected by P availability. When Plénet et al. [36] compared plants grown in soil amended with 42 and 0 kg P ha -1 year -1 , the resulting LAI was significantly less than the 42.8 kg P ha -1 year -1 treatment. The LER was significantly lower in the 0 kg P ha -1 year -1 treatment compared to the 42.8 kg P ha -1 year -1 treatment for leaves 5-8, but not for leaves 9-12. In the present experiment, p deficiency may have limited leaf growth and crop yield because the radishes were harvested on day 20 in the second season and most plants had five or less leaves at the time of harvest, Furthermore, the crop growth of NPK-amended plots was *4 times that of all t1 plots, and since all other factors were largely controlled, it is likely that either P or K was a growth-limiting nutrient. If a P deficiency was, in fact, present in the BC ? EF treatment in year 2 that further signifies that biochar did not store the p, which if present in the effluent, contributed to yield increases the previous year.
Conclusions
Soil Quality
The results of this experiment suggest that biochar reduced soil q b and increased soil f t . However, biochar did not have an observable effect on soil WHC. A more thorough analysis of WHC would have better quantified whether biochar caused any change in moisture. Additionally, biochar can transition from hydrophobic to hydrophilic over time; so, a longer duration experiment may have revealed an increased affinity for biochar to sorb and release water. The analysis of t1 samples suggests that biochar increased soil pH but that the effluent had no effect on pH. Soil EC was significantly increased by effluent alone, but the same impact was not seen in BC ? EF, indicating that salts from the effluent might have bound to the biochar, reducing the measurable EC. Since soil N was not significantly greater in the BC ? EF compared to EF and BC, it can be concluded that the biochar utilized in this experiment did not increase plant available N over the course of the 15-month experimental period, possibly because of its low production temperature. However, more longer-term studies are necessary to assess the ability of these two amendments to improve soil quality.
Crop Growth
Biodigester effluent had a consistently positive impact on crop growth and yield in year 1. There are some data providing evidence that biochar further enhanced growth, but final TDM yield was not significantly affected by biochar addition. Year 2 leaf growth data, including LER and LAI, indicated no significant differences among t1 treatments. This was corroborated by day 20 yield data from the same growing period. T2 treatments also did not produce significantly different yields or LERs. Finally, t1 treatments did not have a significant impact on leaf tissue N.
It cannot be stated with certainty that the lack of differences in plant growth among t1 treatments in the 2nd year is attributed to a limited water availability or a p deficiency specifically because of an incomplete chemical analysis of both the soil and plant tissue. The vastly different yield responses from year 1 and 2 indicate that beneficial impacts of the effluent were no longer present or plant available in the following growing season and that biochar did not increase plant available nutrients or water. Furthermore, the BC ? F treatment did not significantly increase crop yield or leaf size compared to C ? F, suggesting that those nutrients were either not made more bioavailable by the biochar or that N, P, and K were no longer the limiting factors in leaf growth in those treatments.
